Co substituted Ni1−xCoxBr2 (0 ≤ x ≤ 1) single crystals were synthesized using vapor transport. The physical properties of the crystals were characterized by x-ray powder diffraction, magnetization, and specific heat measurements. Room temperature x-ray powder diffraction data indicate a change from the CdCl2 structure type to the CdI2 structure type occurs within 0.56 < x < 0.76. NiBr2 has a commensurate antiferromagnetic phase below TN ≈ 46 K and an incommensurate magnetic ground state below TIC ≈ 20 K. Both magnetic transitions are affected by cobalt substitution, and the incommensurate phase transition is present up to at least x = 0.56. The evolution of magnetism has been studied as a function of cobalt content and is summarized in the temperature-composition phase diagram.
I. INTRODUCTION
Binary transition metal dihalides M X 2 (M = transition metal and X = halogen) are of great interest to the low-dimensional magnetism community because of their novel physics and potential applications [1] [2] [3] . M X 2 compounds contain triangular nets of transition metal ions, and a helimagnetic ground state is observed in the few dihalides where long-range interactions are important [4] [5] [6] . The dihalides that host the helimagnetic structure have received attention in recent years due to the discovery of the coupling between helimagnetic order and ferroelectric polarization [7] [8] [9] [10] . NiBr 2 has recently received renewed interest as a multiferroic [8] and for its potential to host a magnetic vortex state upon chemical substitution [11] or multiple-q states under applied magnetic field [12, 13] , all of which are associated with its helimagnetic ground state.
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† rairk@ornl.gov delicate balance between the first-neighbor ferromagnetic exchange constant J 1 and the longer-range antiferromagnetic exchange constants J 2 and J 3 (see Fig. 1 (c)) [16] [17] [18] . The competition between these exchange constants is affected by external control parameters including magnetic field, pressure, or chemical substitution [14, 15, [19] [20] [21] [22] [23] [24] , which destabilize the incommensurate spin structure. An applied magnetic field suppresses T IC , and the incommensurate phase changes to the commensurate one around 2.7 T at T = 2 K for H ⊥ c [19] . The helimagnetic structure of NiBr 2 is also affected by hydrostatic pressure and it disappears with applied pressure above 10.6 kbar, while the antiferromagnetic phase remains unchanged [22, 23] . Chemical substitution studies of NiBr 2 have been reported and a complete Ni-site substitution by other transition metals (Ni 1−x T M x Br 2 , T M = Mn, Fe, Zn) was hindered by solubility limits [15, 22, 25] .
Fedoping suppresses T N , and Fe content greater than x ≥ 0.112 is reported to eliminate the incommensurate phase and induce an easy-axis, collinear antiferromagnetic structure [15] . The highest reported Mn content is x ≈ 0.03, which slightly suppresses T IC without changing T N [15] . In Ni 1−x Zn x Br 2 , the highest reported Zn content x = 0.08 slightly suppresses T N and T IC . Interestingly, the propagation vector of the incommensurate structure becomes disordered upon Zn substitution [22, 25] , and it has been recently proposed that Ni 0.92 Zn 0.08 Br 2 could contain an impurity-driven vortex lattice phase [11] . These results highlight the sensitivity of the incommensurate spin structure of NiBr 2 to chemical perturbation.
To further explore the magnetism of NiBr 2 , we have investigated the impact of cobalt substitution in Ni 1−x Co x Br 2 . CdCl 2 and CdI 2 are the prototypes for the two dominant structure types in the M X 2 family, shown in Fig. 1 . In both structure types, triangular nets of transition metal ions are separated by two planes of halide ions that are weakly bonded by van der Waals forces [2] . The main difference between these structure types is the layer stacking, which is reflected in the lat-tice centering. NiBr 2 crystallizes in the rhombohedral CdCl 2 structure type with space group R3m [4] and has ABC layer stacking yielding three NiBr 2 layers per unit cell. CoBr 2 crystallizes in the CdI 2 structure type with space group P3m1, and it has one CoBr 2 layer per unit cell [2, 26, 27] . Thus, the c-axis lattice parameter of NiBr 2 is approximately three times that of CoBr 2 . CoBr 2 has a commensurate magnetic structure below T N ≈ 19 K and does not host a helimagnetic ground state [26, 27] .
In this study, single crystals of Ni 1−x Co x Br 2 (0 ≤ x ≤ 1) have been synthesized and characterized using magnetization and specific heat measurements. A compositioninduced transition from the CdCl 2 structure type of NiBr 2 to the CdI 2 structure type of CoBr 2 has been observed within 0.56 < x < 0.76 by room temperature powder x-ray diffraction data. A magnetic phase diagram has been established based on magnetization and specific heat measurements. For samples with the CdCl 2 structure type, T N is continuously suppressed with increasing cobalt concentration. The stability of the incommensurate phase seems to be enhanced for x ≤ 0.26, and signatures of this phase are detected up to x = 0.56.
II. EXPERIMENTAL METHODS
Single crystals of Ni 1−x Co x Br 2 (0 ≤ x ≤ 1) were grown from anhydrous NiBr 2 (99.99% purity) and CoBr 2 (99.99% purity) using vapor transport. NiBr 2 and CoBr 2 were placed in a silica ampoule inside a helium-filled glovebox and sealed under vacuum without exposure to air. The ampoules were heated in a horizontal tube furnace at temperatures ranging from 900
• C (NiBr 2 ) to 620 • C (CoBr 2 ) for several days, and cooled to room temperature within 1 day. The growths resulted in crystals at the cold end of the ampoule, with crystalline facets that were the cleavage ab-plane. Despite optimizing the growth conditions for each composition, the size of the single crystals decreased with increasing x; a representative crystal (x ≈ 0.31) is shown in the inset of Fig.  2 (a). The Ni 1−x Co x Br 2 crystals are air sensitive and the sensitivity to air increases as Co content increases. We emphasize that care must be taken to avoid air exposure, especially for large x, or else anomalous physical properties may be observed below 10 K.
Room temperature powder x-ray diffraction data were collected in a PANalytical X'Pert Pro MPD diffractometer (Cu Kα 1 radiation). The crystals were mixed with glass powder, and the mixtures were ground into powders using a mortar and pestle inside a helium glovebox. The fine powders were sealed in an air-free sample holder. X-ray diffraction data were also collected from facets of freshly-cleaved single crystals, and these data contain the 00l reflections. The x-ray diffraction data were analyzed with the program FullProf [28] using the Le Bail technique. Energy dispersive x-ray spectroscopy (EDS) was employed to determine the x values from relative Ni and Co concentrations assuming full transition metal occupancy; a Hitachi TM3000 with Bruker EDS detector was utilized. EDS was performed on both sides of at least two crystals for each x, and the EDS values were obtained by averaging the results of at least 20 spots per measurement with error bars being the standard deviation. The x values provided in this work are the experimental ones obtained from EDS and are reported in the Table I . The EDS measurements also provide important guidance on the growth optimization, as samples from growths that were not properly optimized exhibited a large variation in x. Anisotropic magnetization measurements were performed in a Quantum Design Magnetic Property Measurement System. To identify intrinsic magnetic behavior for the most air-sensitive samples, including CoBr 2 , the crystals were sealed inside a quartz tube containing helium exchange gas. Specific heat data were collected in a Quantum Design Physical Property Measurement System. 
III. RESULTS AND DISCUSSION

A. Structure
Room temperature x-ray powder diffraction data are shown in Fig. 2 . The NiBr 2 (see Fig. 2 (a) ) and CoBr 2 (see Fig. 2 (b) ) powder diffraction patterns are well described by the CdCl 2 structure type and the CdI 2 structure type, respectively, using Le Bail fitting. Figure 2 (c) shows the powder diffraction patterns of Ni 1−x Co x Br 2 . The diffraction data show the change in structure type at room temperature occurs within 0.56 < x < 0.76. This transition is best viewed by tracking the 104 and 102 reflections of NiBr 2 and CoBr 2 , respectively.
The asymmetry and broadness of the Bragg reflections increase as x approaches the change in the structure type. Indeed, the weakest h0l reflections are fully suppressed near the change in the structure type. The apparent asymmetric and broad Bragg reflections in such layered materials may result from a combination of stacking faults or disorder or strain [29, 30] . In our study, the 00l and hhl peaks obtained from diffraction data are not significantly broadened, even for x = 0.67. The h0l reflections are broadened and this suggests stacking disorder contributes most to the broadening [30] . The compositions around the change in the structure type likely have a significant amount of disorder associated with layer stacking, and this makes defining a precise composition where the structure type changes inappropriate because layer stacking is what differentiates the structure types. For the x = 0.67 sample where a large degree of stacking disorder and composition variation are evident, we obtained lattice parameters using the CdI 2 model because it provided the best fitting of the diffraction data. However, near this composition it is probably not reasonable to ascribe a particular structure model.
The change in the lattice parameters as a function of x is shown in Fig. 3 . The a-axis lattice parameter increases continually from x = 0 to 1 as shown in Fig. 3 (a) . The layer spacing and the average volume per atom increase with increasing x similar to the change in the a-axis lattice parameter (see Fig. 3 (b,c) . The layer spacing is equal to c for samples with the CdI 2 structure type and is equal to c/3 for those with the CdCl 2 structrure type. Le Bail fitting (2θ = 10
• -100
• ) was performed to obtain the lattice parameters of Ni 1−x Co x Br 2 , and the reported lattice parameters for x = 0.56 and 0.67 were calculated excluding (h0l) Bragg reflections from the fitting.
X-ray diffraction data collected from the facets of single crystals are characterized by sharp 00l reflections for all samples examined, including x = 0.56 (shown in Fig.  2 (d) ). This suggests the crystals do not have significant macroscopic chemical inhomogeneity or immiscibility. The expansion of the layer spacing obtained by fitting these data is in agreement with that obtained from the powder diffraction data. We note, however, that the x = 0.67 sample has much higher standard deviations in the EDS measurements and the symmetry is not welldefined. Thus, it is possible that near x = 0.67 some immiscibility exists that is beyond our resolution.
B. Magnetic Properties
The temperature-dependent anisotropic magnetization M of NiBr 2 and CoBr 2 was measured in an applied magnetic field µ 0 H = 1 T, and the results are shown in Fig.  4 . A broad cusp in the temperature-dependent magnetization M/H is observed upon cooling, which corresponds to a transition from a paramagnetic phase to a commensurate antiferromagnetic phase. The transition temperatures T N = 46(1) K for NiBr 2 and 18(1) K for CoBr 2 are determined from peaks in d(M T )/dT [31] . In addition to T N in NiBr 2 , when H ⊥ c, a small decrease in M/H below T ≈ 20 K is observed and corresponds to the onset of the helimagnetic structure. The transition temperature T IC = 20(1) K is also determined from a peak in d(M T )/dT . T N and T IC determined from our study are in agreement with previous reports [22, 26] . T IC is not observed when H c for NiBr 2 , and it is absent in CoBr 2 . We note that T IC of NiBr 2 is suppressed with applied magnetic field H ⊥ c [8] .
Neutron diffraction studies on NiBr 2 and CoBr 2 reported that the moments align ferromagnetically within a layer and stack antiferromagnetically along the c axis, and furthermore the studies suggest that the ordered moments orient in the ab plane [26, 32, 33] . Despite this similarity from the perspective of neutron diffraction, the measured anisotropy of the induced magnetization is opposite between NiBr 2 and CoBr 2 (see Fig. 4(a) ). The temperature-dependent M/H of both compounds shows Curie-Weiss behavior at high temperature. The effective moments and Weiss temperature θ W are extracted from a linear fit (red line) of the inverse magnetic susceptibility H/M at 150 K ≤ T ≤ 350 K, as shown in Fig.4(b,c) . For NiBr 2 , the experimental effective moment is 3.25 µ B /Ni, which is larger than the calculated spin-only (S = 1) effective moment of 2.83 µ B /Ni +2 . The experimental effective moment suggests some orbital contribution to the moment, which is consistent with the reported g ≈ 2.2 of NiBr 2 [34] . For NiBr 2 , we obtained θ W of 48 K and 51 K for H ⊥ c and H c, respectively, indicating ferromagnetic correlations in the paramagnetic state that are consistent with a previous report [24] . For CoBr 2 , the experimental effective moment of 5.53 µ B /Co is larger than the calculated spin-only value (3.87 µ B /Co +2 ), and a similar effective moment of 5.29 µ B /Co has been reported in isostructural CoCl 2 [35] . The θ W are 7 K and -81 K for H ⊥ c and H c, respectively, and this behavior may be driven by single ion anisotropy and/or anisotropic exchange interactions [36] . Temperature-dependent magnetization of Ni1−xCoxBr2 collected upon cooling in an applied magnetic field µ0H = 1 T for (a) H ⊥ c and (b) H c.
We have so far examined the temperature-dependent magnetization for NiBr 2 and CoBr 2 . We now examine the impact of cobalt content on the magnetic properties. As shown in Fig.5(a,b) , the commensurate phase transition at T N of Ni 1−x Co x Br 2 is continually suppressed up to x = 0.56, while a partial Ni substitution leads to an enhancement of T N for CoBr 2 . For H ⊥ c, the incommensurate phase transition (T IC = 20(1) K) of NiBr 2 is first slightly enhanced with Co substitution and is last detected for x = 0.56 (see in Fig. 5(a) ).
The isothermal magnetization M (H) at T = 2 K is shown in Fig. 6 . For a given magnetic field, M of NiBr 2 (left axis in Fig. 6(a) ) is smaller than M of CoBr 2 (right axis in Fig. 6(a) ). The induced magnetic moments are not saturated for µ 0 H = 6 T, and the maximum moment M (µ 0 H = 6 T, 2 K) increases continually from x = 0 to 1. For NiBr 2 , a magnetic anomaly around µ 0 H c = 2.7 T is observed for H ⊥ c (closed symbols), but it is absent for H c (open symbols). The anomaly is related to a transition from the helimagnetic structure to the commensurate antiferromagnetic structure [8, 14] . The observed magnetic hysteresis on increasing and decreasing magnetic fields (see in Fig. 6(b) ) is consistent with previous reports [8, 23] , and suggests a first-order transition. Recently, Tokunaga et al. investigated multiferroic properties in NiBr 2 and reported a spontaneous polarization below T IC [8] . The ferroelectric transition disappeared above H c , and the hysteresis may be related to magnetostructural domain movement.
Specific heat C p (T ) of Ni 1−x Co x Br 2 at µ 0 H = 1 T are shown in Fig. 7 . Strong anomalies are observed at T = 44.6(2) K and T = 18.4(2) K for NiBr 2 and CoBr 2 , respectively, which are consistent with T N observed from temperature-dependent M/H. The commensurateincommensurate phase transition observed in the magnetization for NiBr 2 is also observed in C p (T ) as a weak anomaly around T ≈ 20 K (see in the inset of Fig. 7) . We note that similar behavior was observed at T N for specific heat in H = 0, though the transition at T IC was only observed in C p (T ) with an applied magnetic field H ⊥ c and thus results for µ 0 H = 1 T are shown. C p (T ) measurements were used to verify T N of a few Ni 1−x Co x Br 2 compositions.
The magnetic transitions of the Ni 1−x Co x Br 2 series derived from peaks in C p (T ) and d(M T )/dT [31] are summarized in the temperature-composition phase diagram shown in Fig. 8 . Both magnetic transitions of NiBr 2 are affected by Co substitution. The commensurate phase transition is continually suppressed from T N ≈ 46 K for x = 0 to T N ≈ 21 K for x = 0.56. A slight enhancement of T N for CoBr 2 is observed with a partial Ni substitution, and a local maximum of T N occurs near x = 0.75. Interestingly, T IC shows a slight enhancement for small x, reaching a maximum at T IC = 22(1) K for x = 0.26 and then finally T IC is suppressed beyond detection for x > 0.56 at µ 0 H = 1 T. The evolution of H c as a function of cobalt content in M (H) measurements follows a similar trend as T IC in temperature-dependent M/H, indicating a strong correlation between H c and T IC .
The presence of T IC up to at least x = 0.56 is robust compared to the behavior observed for other transition metal substitutions in NiBr 2 . In contrast, the in- commensurate magnetic structure of NiBr 2 disappears by x = 0.112 in Ni 1−x Fe x Br 2 [15] , although the CdCl 2 structure type is retained up to x = 0.41. Interestingly, Ni 1−x Fe x Br 2 with the helimagnetic structure and a finite easy-axis anisotropy is predicted to host magnetic field induced skyrmions [37] . Moreover, a neutron scattering study on Ni 0.92 Zn 0.08 Br 2 observed a ring of magnetic scattering in the a * b * plane around (00 3 2 ) and (101 2 ) resulting from a disordered propagation vector of the helimagnetic structure [14] . It has been proposed that the ground state associated with this magnetic scattering is an impurity-driven vortex lattice phase [11, 38] . These experimental and theoretical results highlight the relevance of using chemical substitution in NiBr 2 to tune the exotic ground states [11, 37] . As such, Ni 1−x Co x Br 2 with the CdCl 2 structure type is a strong candidate to inspect for nontrivial spin textures like the magnetic vortex lattice phase or other multiple-q spin textures. Examining the nature of the magnetic ground state of Ni 1−x Co x Br 2 and the correlation between T IC and H c requires additional characterization like neutron scattering, which is underway.
IV. CONCLUSIONS
We synthesized single crystals of Ni 1−x Co x Br 2 (0 ≤ x ≤ 1) using vapor transport. A composition-induced transition from the CdCl 2 structure type of NiBr 2 to the CdI 2 structure type of CoBr 2 occurs within 0.56 < x < 0.76 at 300 K. The in-plane lattice parameter, layer spacing, and the average volume per atom con-tinually increase with x. For Ni 1−x Co x Br 2 with the CdCl 2 structure type, increasing the cobalt content leads to a suppression of the commensurate antiferromagnetic phase transition of NiBr 2 . The transition temperature to the incommensurate phase is first slightly enhanced with cobalt substitution, then it is suppressed and last detected for x = 0.56. The presence of T IC up to at least x = 0.56 indicates the delicate balance between ferromagnetic and antiferromagnetic exchange constants is perhaps still satisfied. Given that Ni 1−x Co x Br 2 with the CdCl 2 structure type has both T N and T IC transitions in common with NiBr 2 , which hosts the helimagnetic spin structure, these compositions appear as promising candidates in the ongoing search for topologically-nontrivial spin textures.
